Abstract
Mechanical properties of the common polyacrylamide (PAAm) hydrogels are dramatically 3 improved simply by inducing appropriate phase separation structure using poor solvent. By 4 immersing the PAAm hydrogels into the solvents with various affinities, the gels shrank with 5 decrease of affinity, and at certain point the gels started to show micro phase separation. 6 Around the phase separation point, the gels exhibited anomalously high stiffness (modulus:
3 polymer gels, until now few attentions have been paid to the mechanical properties. 1 
Shibayama et al. investigated the relationship between phase separation of poly(N-
isopropylacrylamide) gels and their rheological behaviors, and found the viscoelastic property 3 of phase separated gels.
[3] However, the mechanical performances of phase separation gels, 4 such as fracture strength and fracture energy, have not investigated well in spite of the 5 importance in applications. 6 The aim of this study is to investigate the tensile deformation behavior and fracture behavior 7 of phase separated polymer gels. In a good solvent, a gel is purely rubber-elastic, with 8 negligible interaction between polymers. The fracture energy of an elastic gel is relatively low, as well described by the Lake-Thomas theory. [4] That is, the energy to fracture a unit surface 10 equals to the areal density of the polymer chains across the fracture surface multiply the total 11 primary bond dissociation energy of each chain. This theory predicts the fracture energy of 12 typical gels in the order of 10 0~1 0 1 J m -2 , which is well in agreement with experimental 13 observation. [5, 6] In a poor solvent or when a polymer volume fraction is very high, however,
14
the interaction between the polymers, either directly or via solvent, becomes important.
15
Masuike et al. have found that air-dried transparent polyacrylamide gels (PAAm) with high 16 polymer density (about 78vol%) show significant increase of modulus and the loss tangent δ 17 on rheological test, suggesting the presence of strong associative interaction between the 18 polymers. [7] For a material contains viscous term, the fracture energy increases in proper 19 velocity due to this additional viscous energy dissipation around crack tip. [8] Thus, formation 20 of the dense polymer domains by phase separation is expected to increase the toughness of 21 polymer gels. Thus, it is extremely meaningful to study "real toughness" of such phase 22 separated gel system.
23
In this study, common PAAm gels were used as model system of phase separated gels. These 24 gels were immersed into mixtures of N,N-dimethylformamide (DMF)/water solutions that are 25 poor/good solvent of PAAm, respectively. [9] As a comparison, the de-swelling was also 1.
4
performed by immersing the gels in concentrated poly(ethylene glycol) (PEG, Mw = 20,000) 1 aqueous solutions. The latter method leads to uniform de-swelling of the gels without phase 2 separation by the high osmotic pressure of the PEG solution. [10] The affinity of solvent and the 3 osmotic pressure of the water bath can be precisely controlled by changing the concentration 4 of poor solvent DMF (C DMF , wt%) and PEG concentration (C PEG , wt%) respectively. The
5
PAAm gels de-swollen in poor DMF/water solutions are denoted as p-PAAm gels, and the immersed in 40wt% PEG aqueous solution).
10
In this paper, we report the mechanical properties and fracture behavior of the de-swollen gels.
11
Effect of polymer volume fraction ϕ and the de-swelling method on the mechanical properties 12 of gels are discussed in detail. The behaviors between uniformly de-swollen gels and phase-13 separated gels with the same overall polymer volume fraction are compared to clarify the 14 effect of phase separation on the mechanical properties.
16

Results and Discussion
17
Appearance Change of Gels 
5
C DMF of 80wt%. The o-PAAm gels were completely transparent regardless of C PEG , while p-
1
PAAm gels became opaque after immersion with C DMF > 80wt% (see Figure 1a ). This result 2 indicates that immersing of PAAm gels in concentrated DMF aqueous solutions causes phase 3 separation due to low affinity of DMF to PAAm. This observation is in well-agreement with 4 the previous study, which reported that linear PAAm shows obvious phase-separation in 5 80wt% DMF aqueous solution. [11] Note that C DMF was weight concentration of DMF in the 6 bath solvents, not in the gels. The true C DMF in the gels was estimated by NMR measurement 7 and the results are shown in Table S1 of Supplementary Information. (Figure S1a,b) . [12] On the other hand, when C DMF was higher than 21 90wt%, the gels turned brittle and showed much lower fracture strain ε f , less than 0.1 mm/mm.
22
These samples did not show clear yielding behavior. In contrast, the o-PAAm gels showed 23 small and gradual change in the tensile stress-strain curves with the increase of C PEG .
24
The Young's modulus E and fracture strain ε f of the gels de-swollen in the two different 6 with the PEG concentration until C PEG = 45wt% (Figure 2c ). In the case of the p-PAAm gel 1 systems, E abruptly increased at C DMF = 60wt% and ε f abruptly dropped at C DMF = 80wt% 2 (Figure 2d ).
3
As shown in Figure 2e , E of the o-PAAm gels against ϕ showed a scaling relationship of 4
~0
.98
(1)
5
This is consistent with the classical rubber elasticity theory, that is
where v e is elastically-effective polymer chain density at the solvent free state, R is gas 8 constant and T is absolute temperature.
[13] Thus, the relationship of Eq.1 means that the de-
9
swollen o-PAAm gels maintain the elastic property regardless of ϕ at least until ϕ = 0.50.
10
The E of the p-PAAm gels against ϕ in the range ϕ ≤ 0.38 (C DMF ≤ 70wt%) also obeys the fraction. In the case of o-PAAm gels, which did not show phase-separation, they were still 20 soft and elastic even contained less amount of solvent than that of the phase-separated p-
21
PAAm gels. The other is that C DMF at the mechanical transition point (70~80wt%) is very
22
close to critical C DMF for visible phase separation (Figure 1a) , which implies that such 23 mechanical transition of the PAAm gels is induced by the phase separation.
24
The solvent-induced phase separation was reversible. Once these phase separated gels were 25 immersed into water and were equilibrated, the phase-separation structure disappears and the 
). [14, 22] As shown in Figure 3a , the p-PAAm gels in the transition region (C DMF = 8 70~80wt%) were very tough and showed excellent resistance to rupture. Despite containing 9 60wt% of solvent, these phase-separated tough gels showed fracture energy of ~10 4 J m -2 ,
10
while the maximum T of o-PAAm gels with higher polymer density than phase-separated During the kusa-sumo test, the silicone rubber fractured first although it had an advantage of 5 larger thickness (Figure 3d ). This result indicates that by simply immersing the weak PAAm 6 hydrogels into poor solvent, one can make the material stronger than the tough silicone rubber. 
Mechanical Hysteresis Loss of p-PAAm gels in Transition Region
9
The extra-ordinarily high toughness of the p-PAAm gels near the gel-to-glassy transition 10 region is considered to be due to viscous energy dissipation by the aggregated polymers in the From the result of loading and unloading test, phase separated gels showed excess energy 5 dissipation by internal structural change, which describes the toughening mechanism of those 6 gels. To investigate whether the internal structural change is permanent or self-healable, we 
20
No opaque-transparent transition was observed by heating at high temperature ( Figure S3a) .
21
For the three repeated loading and unloading tests, the annealed sample showed almost the 22 same stress-strain curve and the value of hysteresis loss (U hys = 7.84 ± 0.60 MJ m -3 ). These 23 results suggest that the structure change that dissipates energy of p-PAAms is reversible,
24
which serves as the reversible sacrificial bond to toughen the material. Moreover, the self-
25
healing rate can be accelerated by raising temperature. transition at a critical polymer volume fraction ϕ c = 0.78. [7] This explains why all of the o- separation (C DMF < 70wt%), polymer chains are highly solvated so that polymer-polymer 6 interaction in gels is screened. As a result, gels are almost purely elastic with negligible 7 hysteresis loss (viscous energy dissipation), and the elasticity of the gels follows the classical 8 rubber elasticity theory (Figure 4a, 5a) . Around the phase separation point (70wt% ≤ C DMF ≤ 9 80wt%), the solvent becomes poor enough that the polymer-polymer association prevails to 10 form local dense phase. When such gels are elongated, the polymer-polymer association in the 11 dense phases are preferentially destroyed during deformation, providing a mechanism as the 12 sacrificial bonds to dissipate energy, in similar to the double network hydrogels.
[21] As a result, rate is accelerated (Figure 4f) . On the other hand, when C DMF is higher than 80wt%, the dense 22 phase develops to form stronger polymer-polymer associations, as shown by the abruptly 23 increase of the modulus and the strength of the gels (Figure 2d) . As a result, the association 24 of the polymers becomes too strong to rupture as sacrificial bonds and no energy dissipation 25 occurs (Figure 5c) . As a result, the gels become brittle at high C DMF . Above 80wt% C DMF , stronger than that of 80p-PAAm.
5
This toughening mechanism of p-PAAm gels is in common to that of recently reported stiff 6 and tough gels such as polyampholyte gels (PA gels) [22] and PVA-PAAm hybrid gels in which 7 breaking of physical bonds is the mechanism of energy dissipation.
[20] However, the 8 maximum fracture energy of p-PAAm gels reaches to ~ 40,000 J m -2 , which is higher than PA 9 gels (~ 4,000 J m -2 ) and PVA-PAAm hybrid gels (~ 14,000 J m -2 ) even with a much higher that of the p-PAAm gels. As a result, the amount of energy dissipation and toughness of the p-
15
PAAm gels are much larger than the PA gels.
17
Conclusions
18
In conclusion, we found that phase separation induces gel-glasslike transition of the 13 which can be widely used for medical or industrial materials in aqueous environment. since initial water content of the water-swollen PAAm gels in this study is 95.6wt%, density
10
of PAAm is 1.437 ± 0.2 g cm -3 , and density of water is 1 g cm -3 .
[23]
12
Tensile Test: Uniaxial tensile experiments were performed in air using a commercial testing under the stress-strain curve.
21
For loading and unloading tensile test, samples were stretched at a velocity of 100 mm min -1 1.
15
(strain rate = 8.33 min -1 ) to strain ε = 5 at room temperature, then were moved back to initial 1 displacement immediately at the same velocity of stretching. The energy dissipation can be 2 estimated from the hysteresis area U hys by,
Where σ load is the stress in loading and σ unload is that in unloading.
4
The loading and unloading tensile test for evaluating self-healing of sacrificial bond was 5 performed to one sample repeatedly. Samples were stretched to strain ε = 3 at velocity 100 6 mm/min. After each loading and unloading test, the sample was immersed in the annealing effect on mechanical property of the gels.
15
Pure Shear Test: To evaluate the toughness of p-PAAm, the fracture energy T was measured 16 according to the method previously reported with a pure shear experiments. [14, 18, 22] The times, and the errors of some measurements were so small that the error bars were hidden 8 behind the plots. were hidden behind the plots. destroyed during deformation, which gives a high toughness and self-healing of the material.
5
(c) In the case of high C DMF , gels show brittle and hard nature due to too strong polymer-6 polymer associations. 
